ABSTRACT: Osteocytes sense loading in bone, but their mechanosensation mechanisms remain poorly understood. Plasma membrane disruptions (PMD) develop with loading under physiological conditions in many cell types (e.g., myocytes, endothelial cells). These PMD foster molecular flux across cell membranes that promotes tissue adaptation, but this mechanosensation mechanism had not been explored in osteocytes. Our goal was to investigate whether PMD occur and initiate consequent mechanotransduction in osteocytes during physiological loading. We found that osteocytes experience PMD during in vitro (fluid flow) and in vivo (treadmill exercise) mechanical loading, in proportion to the level of stress experienced. In fluid flow studies, osteocyte PMD preferentially formed with rapid as compared to gradual application of loading. In treadmill studies, osteocyte PMD increased with loading in weight bearing locations (tibia), but this trend was not seen in non-weight bearing locations (skull). PMD initiated osteocyte mechanotransduction including calcium signaling and expression of c-fos, and repair rates of these PMD could be enhanced or inhibited pharmacologically to alter downstream mechanotransduction and osteocyte survival. PMD may represent a novel mechanosensation pathway in bone and a target for modifying skeletal adaptation signaling in osteocytes. ß
Bone adapts to imposed loads. It is important to understand how bone senses changes in its mechanical environment and initiates an appropriate adaptive response, as defects in bone mechanosensing can contribute to the development of osteoporosis and skeletal fractures with aging and immobility. 1 Osteocytes, the primary mechanosensor in bone, are thought to sense loading primarily via fluid flow in the lacunocanalicular system, but the mechanisms behind this phenomenon are not fully understood. Several potential osteocyte mechanosensation mechanisms observed in vitro have not fully explained in vivo skeletal adaptation. [2] [3] [4] [5] An intracellular Ca 2þ spike is one of the earliest responses triggered in a mechanically loaded osteocyte, and this response requires extracellular Ca 2þ , 6 but the mechanism for extracellular Ca 2þ entry has not been fully explained. 7 In many cell types, such as myocytes, physiological mechanical loading (e.g., treadmill exercise for the musculoskeletal system) 8, 9 creates tears in the cell membrane called plasma membrane disruptions (PMD). 8 These survivable, nanometer-to micron-sized tears promote molecular flux across the cell membrane, allowing Ca 2þ entry and release of growth factors like FGFs. 10 The initial inrush of extracellular Ca 2þ through a PMD triggers activation of calpains, depolarization of voltage-gated calcium channels, and mobilization of repair machinery including Annexin proteins 11 which seal the PMD in a timeframe of 1-2 min. PMD and associated repair initiate signaling both in the wounded cell and in non-wounded adjacent neighbors, 12 instigating mechanotransduction including up-regulation of early response genes like c-fos and Cox-2, 8, 13 and release of nitric oxide 14 and prostaglandins. This same mechanotransduction cascade occurs in mechanically loaded osteocytes, 15 but the possibility that PMD initiate mechanosensing in osteocytes has not been explored. The objectives of this study were to (1) investigate the fundamental question of whether membrane disruptions occur in osteocytes with physiological loading, (2) determine whether mechanotransduction signaling is activated in PMD-affected osteocytes, and (3) quantify the osteocyte PMD repair response and its potential effects on mechanotransduction.
MATERIALS AND METHODS
Cell Culture MLO-Y4 cells, courtesy of Dr. Lynda Bonewald were maintained in growth medium (a-MEM (Invitrogen) þ 5% fetal bovine serum (FBS, Atlanta Biologicals) þ 5% bovine calf serum (HyClone) þ 1% Penicillin/Streptomycin). Primary osteocytes were isolated from serial digestion of 8-week-old wildtype C57BL/6 mouse long bones as we previously reported 16 and were maintained in growth medium as described above. OCY454 cells, courtesy of Dr. Paola DivietiPajevic, were maintained in growth medium (a-MEM þ 10% FBS þ 1% Antibiotic/antimycotic [Gibco] ) and handled according to published protocols. 17 Briefly, OCY454 cells were maintained at 33˚C on collagen coated plates, and differentiated at 37˚C on non-coated plates for 2 weeks prior to the onset of experiments to promote an osteocytic phenotype, according to the recommended protocol for these cells.
Fluid Flow Shear Stress: Flexcell Streamer
MLO-Y4 cells were seeded 72 h prior to experiments onto type 1 collagen-coated slides 18 ; cells were 70% confluent at the time of experiments. For studies utilizing reduced serum (1% FBS, 1% BCS, 1 mg/ml bovine serum albumin), cells were switched to lower-serum medium 24 h prior to experiments. Media with fluorescein-conjugated dextran (10 kDa, 1 mg/ml) was applied to control cells (slides in static dishes) or used to apply fluid shear stresses (10-30 dynes/cm 2 ) via laminar flow in a parallel plate flow chamber (Streamer, Flexcell) for as few as 7 min or as long as 2 h. After each experiment, slides were rinsed in phosphate buffered saline (PBS); cells that repair PMD will retain the dye after washing. 19 Slides were imaged on a multi-photon confocal microscope (Carl Zeiss Microscopy, Thornwood, NY); please see Supplementary Methods for additional details. The percentage of PMD-affected cells was quantified with image analysis software (Bioquant Osteo, Nashville, TN).
Fluid Flow Shear Stress: Glycotech Flow Chamber
MLO-Y4 cells were seeded 4 days prior to experiments onto type 1 collagen coated dishes; cells were 70% confluent at the time of experiments. PMD tracers including fluorescein-conjugated dextran (10 kDa, 1 mg/ml) or lipophilic FM dye (FM1-43 or FM4-64, 2 mM) were added to media immediately prior to experiments. Cells were exposed to fluid flow shear stress (30 or 40 dynes/cm 2 ) via syringe pump (Harvard Apparatus, Holliston, MA) for up to 5 min, or were exposed to tracer media for equivalent timeframes under static conditions. Cells were continuously monitored and imaged after flow with a confocal microscope (Zeiss). Please see Supplementary Methods for additional details. The percentage of PMD-affected cells was quantified (Bioquant). Membrane uptake of FM dye during flow or residual intracellular dextran after flow were interpreted as evidence of PMD.
Mechanical Wounding
MLO-Y4, OCY454, and primary osteocytes were wounded by glass beads, as previously described, 8, 19 to facilitate wounding large numbers of cells. Vitamin E (Sigma T3251, 220 mM) 19 or calpeptin (Sigma C8999, 20 mM) 20 were introduced as indicated 24 h prior to wounding. Whole cell lysates were collected for Western blotting as previously described, 21 using antibodies against c-fos (Santa Cruz) and b-actin (Sigma-Aldrich Corp., St. Louis, MO). Please see Supplementary Methods for additional details.
To assess cell survival after mechanical wounding, MLO-Y4 cells were wounded by glass beads in the presence of lysine-fixable fluorescein-conjugated dextran (10 kDa, 5 mg/ ml þ 10 mg/ml BSA) containing either 1.8 mM Ca 2þ , 1.8 mM Ca 2þ þ 20 mM calpeptin, or 1.5 mM EGTA. Five minutes after wounding, cells were stained with propidium iodide (0.3 mg/ ml) to detect dead cells (i.e., unrepaired PMD) and imaged on a multi-photon confocal microscope (Zeiss). Please see Supplementary Methods for additional details. The percentages of PMD-affected cells and dead cells were quantified (Bioquant).
Laser Wounding-Calcium Signaling MLO-Y4 cells were seeded 24 h prior to experiments and loaded with Cal-520-AM as described. 22 During incubation, treatments were introduced including: Thapsigargin (Sigma T9033, 1 mM), gadolinium chloride hexahydrate (Sigma 203289, 10 mM), 18a glycyrrhetinic acid (Sigma G8503, 75 mM), or apyrase (Sigma A6410, 10 U/ml), as indicated. A 3 mm laser PMD was created using a multi-photon laser, as described previously. 19 Please see Supplementary Methods for additional details. Fluorescence was measured every second and normalized to baseline (pre-PMD) fluorescence (F/F o ).
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Laser Wounding-Repair Dynamics Cells were cultured for 24 h in either normal culture medium, Vitamin C (1 mM), 19 Vitamin E (220 mM), or calpeptin (20 mM).
20 MLO-Y4 cells were subjected to laser wounding as described above and previously. 9 Uptake of FM1-43 (2 mM AE 1.8 mM calcium) quantified osteocyte PMD repair rate as described.
19
Animal Experiments-Acute Effects of Downhill Running All experiments followed NIH guidelines and were approved by the Institutional Animal Care and Use Committee at Augusta University. Downhill treadmill running was selected as an in vivo mechanical stimulus, as it represents a physiological challenge that causes membrane disruptions in mechanosensitive tissues like myocytes 8, 9 and is a sufficient mechanical stimulus to induce bone adaptation in rodents. 23 Female CD-1 mice (7 weeks old, Charles River) were permitted standard chow and water ad libitum. Mice were randomized by weight into treadmill running ("Loading") and control groups with only normal cage activity ("Control"). Mice acclimated to the treadmill (Columbus Instruments Exer3/6, 10 m/min, 10 min/day, À15˚incline) for 4 days and received an injection of Evans Blue (50 mg/kg in PBS, intraperitoneal, Sigma) 18 h prior to final experiments. Mice in the treadmill group were run downhill (À15˚), where speeds were linearly increased from 10 m/min to 40 m/min over the course of 30 min. Control mice were exposed to the inactive treadmill. Mice were sacrificed by carbon dioxide within 2 h after the treadmill run and were immediately perfused with 10% formalin. Longitudinal femoral frontal sections (7 mm) were prepared using CryofilmIIc (Section Lab) as previously described 21 and imaged with a multi-photon microscope (Zeiss), using FM1-43 to show cell membranes. Please see Supplementary Methods for additional details. For a subset of control and loaded animals, one humerus per mouse was processed and analyzed as described above. The percentage of cortical bone osteocytes with PMD (Evans Blue þ FM1-43) was quantified (Bioquant). No signal for wavelengths used to detect Evans Blue occurred in un-injected animals (Supplemental Fig. S1 ).
In a follow-up study to compare membrane wounding in a skeletal site presumed to be affected by treadmill loading (tibia) versus a site presumed to be unaffected by treadmill loading (calvaria), an additional group of female CD-1 mice (7 weeks old, Charles River) were trained, subjected to one bout of treadmill loading or control procedures, and sacrificed as described above. Tibias and calvaria (parietal bones) were decalcified in 15% EDTA for 14 days. Longitudinal frontal sections (tibia, 8 mm) and coronal sections (calvaria, 8 mm) were incubated overnight with a FITC-conjugated antibody against mouse albumin (AIFAG3140). Sections were mounted with DAPI (Vectashield H1500) and imaged with a confocal microscope (Zeiss). Please see Supplementary Methods for additional details. The percentage of cortical bone
osteocytes with a PMD (albumin þ DAPI) was quantified with (Bioquant).
Statistics
For each property, groups were compared by t-tests or 1-factor ANOVA followed by Student's t-test post hoc analyses as appropriate using JMP 12.1.0 (SAS). Statistical significance was set at p 0.05 for all comparisons. For quantification of histological/imaging studies, data were collected in a blinded fashion, and the same operator collected all data within a given experiment to limit inter-observer variability. Data are presented as mean AE standard error (SE), unless otherwise indicated. Sample sizes are indicated in each figure and/or caption.
RESULTS

Osteocytes In Vitro Develop PMD in Proportion to Loading From Fluid Flow Shear Stress, and Are Preferentially Produced by Rapid Loading
After exposure of osteocytes to shear stress using a Flexcell Streamer flow chamber, PMD events were detected by live-cell imaging as dextran-labeled osteocytes. Cells scored as positive for a PMD event exhibited dextran labeling of the cytosol that far exceeded the minimal (and punctate, peri-nuclear) fluorescence from endocytotic uptake in controls not exposed to flow but incubated for identical timeframes in the tracer medium (Fig. 1A) . Shear stresses between 10 and 30 dynes/cm 2 produced PMD in a dose-responsive fashion (Fig. 1B) . To determine the effect of loading rate on PMD development, MLO-Y4 cells were exposed to a 20 dynes/cm 2 shear stress either directly (1 step), or incrementally (2-13 steps) over a short timeframe (7 min total loading) (Fig. 1C) . PMD events were easily detected when the 20 dynes/ cm 2 load was applied immediately, but significantly fewer were seen when load was applied gradually in step-wise fashion (Fig. 1D) .
Initial experiments were performed in the presence of 10% serum (5% FBS, 5% BCS), as reported previously, 24 but because usage of low-serum medium is common in flow studies to negate potential confounding effects from serum, 25 studies were repeated in the presence of 2% serum (1% FBS, 1% BCS). Similar (very low) levels of fluorescence were seen in static controls, and a comparable number of osteocytes were wounded by a 10 dynes/cm 2 fluid flow shear stress in 2% serum medium versus 10% serum medium (Fig. 1E) . A similar pattern of wounding, where rapid (direct) application of load caused more wounding than more gradual (incremental) application of loading, was seen in cells cultured in 2% serum medium versus 10% serum medium (Fig. 1F) .
We next imaged live cells during exposure to fluid shear using a flow chamber coupled to a microscope MLO-Y4 osteocytes were loaded with various magnitudes of fluid flow shear stress for 2 h using medium containing 5% FBS, 5% BCS, 1% penicillin/streptomycin, and 1 mg/ml fluoresceinconjugated dextran. PMD-labeled osteocytes (green) were quantified from randomly collected confocal microscopy images (n ¼ 10-12 images per condition) after rinsing samples thoroughly in PBS to remove residual dye.
Ã p 0.05 vs. control for each experiment; each control/flow pairing is representative of three independent experiments. (C and D) A 20 dynes/cm 2 (2 Pa) shear stress was applied to MLO-Y4 osteocytes either immediately (1 step) or by gradually ramping up to this load (2-13 steps); PMD affected osteocytes were quantified as in panel B. Ã p 0.05 vs. 1-step; representative of two independent experiments. (E and F) Experiments in panels B and D were repeated with MLO-Y4 cells using medium containing 1% FBS, 1% FBS, 1% penicillin/ streptomycin, 1 mg/ml fluorescein-conjugated dextran, and 1 mg/ml bovine serum albumin.
Ã p 0.05 vs. control or 1-step, representative of four independent experiments.
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(Glycotech #31-001). Similar to results in the Streamer, dextran-labeled osteocytes were detected following as little as 5 min of a 30 dynes/cm 2 shear stress, but were not detected in static cultures ( Fig. 2A and B) . Membrane uptake of FM dye, suggestive of PMD, was visible quickly upon initiation of flow (Fig. 2C, arrows) . Unlike fluorescent dextran, FM dye staining was limited to the membrane (as expected for lipophilic dye), and was most commonly seen on the osteocytic processes, consistent with osteocytes sensing load there (Fig. 2C, arrows) . Taken together, these data support the idea that osteocytes develop membrane tears with fluid flow and do so preferentially under rapid loading conditions.
Osteocytes In Vivo Develop PMD in Response to Treadmill Exercise
We used treadmill running as a model of in vivo loading to determine if osteocytes experience PMD in response to mechanical stress in vivo. A baseline level of osteocytes labeled with Evans Blue, indicative of PMD, was detected in control mice, consistent with skeletal muscle where chronic but low-level membrane wounding occurs with normal locomotion (i.e., cage activity) 26 ( Fig. 3A) . Importantly, however, the number of PMD-labeled osteocytes was significantly (þ277%) increased in the femur by downhill treadmill running, as also occurs in muscle 26 ( Fig. 3A) . A similar pattern was observed in the humerus, which also experiences high peak loads during treadmill locomotion (Supplemental Fig. S2 ). 27 These results were validated by immunohistochemical staining for endogenous albumin in tibias which demonstrated a nearly identical staining pattern (þ209% labeled in loaded vs.
control, Fig. 3B ). In skull calvaria, which should be minimally affected by treadmill locomotion, 27 no difference in the number of PMD-labeled osteocytes was detected between loaded and control mice despite a clear increase in PMD-labeled osteocytes in the tibias of those same loaded mice (Fig. 3C) . Taken together, these data suggest that physiological loading in the form of treadmill running causes osteocyte membrane disruptions in vivo that can be observed via exogenous (Evans Blue) or endogenous (albumin) tracers.
PMD In Vitro Trigger Mechanotransduction Signaling That Propagates to Non-Wounded Neighboring Osteocytes
After establishing that osteocytes develop membrane disruptions in response to loading both in vitro (Fig. 1 ) and in vivo (Fig. 3) , we sought to determine if these disruptions initiate mechanotransduction. Calcium signaling is one of the earliest detectable responses in a mechanically wounded osteocyte, 6 and we observed that osteocytes wounded by laser irradiation in Ca 2þ -containing medium showed an immediate increase in intracellular Ca 2þ similar in magnitude and timeframe to Ca 2þ influx from fluid flow 28 ( Fig. 4A and B; Supplemental Movies 1 and 2). This Ca 2þ wave spread rapidly to nearby, non-wounded cells, activating on average 45.2 AE 4.1% of adjacent osteocytes ( Fig. 4A ; Supplemental Movie 1). Thus, one wounded osteocyte initiated mechanotransduction in many non-wounded neighboring cells, providing a mechanism for amplification of a mechanosensation signal from a small wounded population. Initiation of calcium signaling in the wounded cell and survival of the wounded cell required extracellular Ca 2þ , as EGTA treatment prevented Ca 2þ signaling and led to rapid necrosis of the wounded cell (Supplemental Movie 3). However, death of the wounded cell from extracellular calcium chelation did not prevent Ca 2þ signaling in adjacent cells, likely due to release of cytosolic molecules such as ATP from the wounded cell that have been previously reported to promote Ca 2þ wave propagation. 6 Indeed, development of a robust Ca 2þ wave required both intracellular Ca 2þ stores and ATP, as treatment with thapsigargin (Supplemental Movie 4) or apyrase (Supplemental Movie 5) inhibited propagation. Stretch-activated ion channels were not required as gadolinium chloride did not inhibit PMD-related Ca 2þ signaling ( Fig. 4C ; Supplemental Movie 6). Treatment with 18a-glycyrrhetinic acid (18a-GA) did not reduce signal transmission ( Fig. 4C ; Supplemental Movie 7), suggesting gap junctions/hemichannels may not be involved. These data are consistent with previously reported bone cell Ca 2þ responses to loading, 6 and demonstrate that PMD initiate Ca 2þ -based mechanotransduction that spreads throughout an osteocyte population.
Downstream of Ca 2þ
, up-regulation of c-fos is a well characterized mechanotransduction response in bone cells. Mechanically based injury (glass beads) wounded $10% (150 mg beads, 10.7 AE 2.3%) to $50% (300 mg beads, 56.8 AE 4.7%) of the cells (Fig. 4D) . This initiated an immediate (0 h) and sustained (3 h) increase in c-fos expression in MLO-Y4, OCY454, and primary osteocyte cells (Fig. 4E) . Taken together, these data show that PMD initiate mechanotransduction, and that PMD-affected cells and neighboring osteocytes may be primary participants in the response to mechanical stress.
Osteocyte PMD Repair Dynamics Are Similar to Muscle Cells
Repair of a membrane disruption is necessary for cell survival. 29 We quantified influx of FM1-43 to measure osteocyte membrane repair rate, where faster repair is associated with a faster plateau in fluorescence over time (Fig. 5A and B) . Osteocytes rapidly repaired PMD Female CD-1 mice were administered Evans Blue dye (50 mg/ kg) as a membrane disruption tracer and either subjected to one bout of downhill treadmill loading ("Loading") or normal cage activity ("Control") as described in the Methods section. Longitudinal (frontal plane) femoral cryosections were prepared with Cryofilm IIc tape, using FM1-43 dye to label all cell membranes to ensure quantification of intracellular signals. Osteocytes presenting with a signal for Evans Blue and FM1-43 were quantified and normalized to the total number of FM1-43 stained osteocytes. EB: Evans blue dye. (B) Tibias from the same animals described in panel A were decalcified, cryosectioned, and immunohistochemically stained to detect endogenous albumin. Osteocytes presenting with a signal for FITC-labeled albumin and nuclear DAPI were quantified and normalized to the total number of DAPI-stained osteocytes; "merged" images represent FITC-conjugated antibody, DAPI, and differential interference contrast channels. (C) Female CD-1 mice were subjected to downhill running or normal cage activity as in panel A. Tibias and calvaria were histologically prepared and quantified as in panel B. For each panel, Ã p 0.05 vs. control; the number of mice in each group is indicated on each bar.
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in the presence of extracellular Ca 2þ ("Control") in approximately 60 s, which is comparable to normal repair rates in other cell types (Fig. 5C ). In contrast, repair was drastically inhibited in medium lacking physiological Ca 2þ , and was mildly inhibited following treatment with calpeptin, a calpain inhibitor (Fig. 5C ). Osteocyte membrane repair rate was enhanced following culture with the antioxidants Vitamin E or Vitamin C (Fig. 5D ). These data, which are consistent with myocyte behavior, 19, 20 suggest osteocytes are capable Schematic describing the laser-based wounding assay for analysis of PMD repair rate. Influx of FM1-43 dye near the membrane disruption is used to quantify repair rate; a fast plateau in fluorescence indicates rapid, successful repair, whereas increasing fluorescence over time indicates slow repair or repair failure. (C and D) MLO-Y4 cell PMD repair rates were impaired by removal of extracellular calcium or following culture in calpeptin (which inhibits the membrane-bound calpain molecules involved in PMD repair), but were enhanced following culture in the antioxidants Vitamin C or Vitamin E.
Ã p 0.05 vs. time zero, n > 20 cells measured for each condition. E-F) MLO-Y4 cells were cultured in repair enhancing (Vitamin E) or inhibiting (calpeptin) for 24 h prior to wounding; expression of c-fos was conducted as in Figure 4E . (G) MLO-Y4 cells were cultured in repairinhibiting agents as described in the Methods and subjected to mechanical wounding by glass beads as described in Figure 4E . After wounding, cells were stained with propidium iodide to detect necrotic cells (i.e., unrepaired PMD) Ã p 0.05 vs. control; 10 random images per condition were measured, and data are representative of three independent experiments. (H) Proposed model for the influence of PMD repair rate on osteocyte mechanotransduction.
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YU ET AL. of rapidly repairing membrane tears when they occur, and that repair rate can be modulated pharmacologically.
Altering Osteocyte PMD Repair Affects Mechanotransduction and Survival
We bead-wounded osteocytes after culture in Vitamin E, which enhances PMD repair rate, and observed a blunted up-regulation of c-fos (Fig. 5E) . In contrast, culture in calpeptin (24 h, 20 mM), which slows PMD repair rate, enhanced up-regulation of c-fos stimulated by bead-induced PMD (Fig. 5F) . A completely unrepaired PMD should lead to cell death. 29 To test this, we bead-wounded osteocytes after introducing repairinhibiting agents EGTA and calpeptin (Fig. 5C) , and stained cells with propidium iodide 10 min after wounding to detect non-repaired (necrotic cells). Neither EGTA nor calpeptin treatment caused cell death in the absence of wounding in this timeframe (data not shown). With wounding, however, both calcium chelation by EGTA and inhibition of calpains by calpeptin significantly increased cell death after injury (Fig. 5G) . From these data, we propose that osteocyte PMD repair rate affects mechanotransduction, and that this rate can be modified to impact downstream signaling until a necrotic threshold is reached, as eventual repair of a PMD is necessary for cell survival (Fig. 5H) .
DISCUSSION
Several osteocyte mechanosensation hypotheses have been developed based on in vitro experimentation, but their translation to in vivo models has been problematic. [2] [3] [4] [5] For example, fluid shear stress imposed in vitro opens osteocytic Connexin43 hemichannels promoting the release of prostaglandin E2 and ATP, 18, 30 but cells from Connexin43-deficient mice still respond to mechanical loading in vivo, 31 and surprisingly, deletion of Connexin43 in vivo enhances (rather than abolishes) adaptation of bone to loading. 32 Moreover, Connexin43 hemichannels are not opened in the osteocytic dendrites upon mechanical stimulation of the dendrites, 33 whereas Ca 2þ signaling is visible in the dendrites immediately upon dendritic stimulation. 34 Similarly, while primary cilia are excellent candidate mechanosensors for osteocytes in vitro, the number of osteocytes presenting with primary cilia in vivo may be quite low (although conflicting evidence exists: 3, 35 ). In this study, we asked whether in vitro mechanical loading from fluid shear stress or in vivo mechanical loading from treadmill running creates survivable plasma membrane disruptions (PMDs) in osteocytes, and if so, whether those membrane tears could initiate mechanotransduction in bone. These studies suggest that osteocytes do experience membrane disruptions, in proportion to the level of loading experienced (but most notably at high loads, discussed further below), and that these disruptions are capable of initiating mechanotransduction including Ca 2þ signaling and expression of mechanoresponsive proteins like c-fos. Why might osteocytes employ such a mechanism? Evolution restricts musculoskeletal tissue growth to minimize the metabolic and biomechanical expense of excess tissue mass, which explains why mechanically regulated inhibitors of musculoskeletal growth (e.g., sclerostin and myostatin) exist. Likewise, we hypothesize that it could be evolutionarily beneficial for the initiating adaptation stimulus (mechanosensation mechanism) to specifically recognize injurious mechanical stressors ("no strain, no gain"), so tissue adaptation would be driven by a mechanobiological need to preserve cell viability and organ integrity.
It may seem surprising that osteocytes with membrane disruptions have not been detected in previous studies of osteocyte hemichannel function, where tracers (typically 10 kDa dextran) capable of highlighting a PMD by dye trapping are used as a negative control for Connexin-mediated dye transfer. 30 However, we believe PMD-affected cells may have been missed in previous hemichannel experiments because they are usually performed in a nonphysiologic, low Ca 2þ or Ca 2þ -free medium required for hemichannel opening; our studies demonstrate that Ca 2þ -free conditions prevent PMD repair and cause post-wounding necrosis ( Fig. 5C and E) , which would preclude detection of wounded cells by dye trapping. Importantly, with fluid flow under physiological conditions (i.e., medium containing Ca 2þ ), we observed dextran-labeled osteocytes that experienced PMD, underwent repair, and initiated mechanotransduction (Figs. 1-4) . It is possible that loading-induced PMD formation in osteocytes could be upstream of other well-known mechanotransduction mechanisms in bone. Calcium signaling is initiated at the exact site of deformation of the osteocytic cell membrane and rapidly propagates to the rest of the cell, 34 a process identical to what we observed with membrane wounding which occurred even when stretchactivated ion channels were inhibited ( Fig. 4A and  C) . It is possible that loading-induced wounding of the osteocyte cell membrane allows for an initial influx of calcium, amplified through the release of intracellular calcium stores in the wounded and neighboring cells that could serve as the initiating stimulus for other downstream mechanotransduction events. This idea is consistent with the concept that extracellular calcium is required for loading-induced Ca 2þ signaling in osteocytes, 36 and would explain why wounded cells failed to induce Ca 2þ signaling in EGTA-supplemented medium (Fig. 4C , Supplemental Movie 3). Intracellular Ca 2þ stores and ATP were also important for signaling mechanisms downstream of osteocyte PMD (Fig. 4C) . These findings are consistent with previous studies demonstrating that a major mode for calcium wave propagation in a bone cell network is ATP released by the stimulated cell, which subsequently activates P2 purinergic receptors MEMBRANE DISRUPTION FOR OSTEOCYTE MECHANOSENSATION on the cell membrane and the PLC-IP3 pathway to promote release of endoplasmic reticulum calcium stores. 6, 36 It is important to note that while we observed osteocyte PMD formation occurred in proportion to the level of loading experienced in vitro, it was most readily detected at loading levels near or exceeding the range assumed to occur during normal physiological loading of bone (i.e., 0.8-3 Pa). 37 However, we note that recent modeling-based studies suggest that the shear stresses osteocytes experience in vivo may be much higher than this range due to lacunocanalicular geometry, with one study suggesting that maximum shear stresses may exceed 10 Pa (100 dynes/cm 2 ) within the canaliculi. 38 Furthermore, we detected evidence of osteocyte membrane disruptions (intracellular albumin accumulation) following in vivo treadmill exercise, a loading model chosen because it represents a physiological challenge 8, 9 sufficient to induce bone adaptation to loading in rodents. 23 Therefore, although osteocyte membrane disruptions occurred most appreciably at higher levels of loading, this mechanism may still hold great relevance for understanding the effects of in vivo loading on bone.
The 50 or more dendritic processes found on each osteocyte, which are physically tethered to bone matrix, 39 would seem vulnerable to damage; as osteocytes predominantly sense mechanical loading via their processes, 40 these two phenomena could be linked. If membrane tears do occur in the osteocytic processes and are responsible for some degree of mechanosensation, this could help explain why osteocytes are more sensitive to mechanical loading than osteoblasts, as this latter cell type lacks dendritic processes. 24 We have not yet quantified whether membrane tearing occurs preferentially on the processes or cell body, although our in vitro observations suggest that wounding in the osteocyte processes is likely (Fig. 2C) . PMD create a disruption in the phospholipid bilayer, allowing entry of large molecules like albumin into the cytosol. However, the physical mechanism of membrane tearing in osteocytes is not yet known. Two general possibilities include the direct effects of fluid flow-induced shear stress on the phospholipid bilayer, or the transmission of stress onto or through the bilayer via drag forces from pericellular or extracellular matrix proteins. Ongoing research will attempt to distinguish between these two possibilities. However, during our in vitro tests, we endeavored to ensure that no air bubbles were present in the flow system, as air bubbles can tear cells from the slide (thus potentially inducing a membrane disruption). 41 We cannot conclusively exclude the possibility of air bubbles in the Streamer tests because real-time visualization of the cells was not possible, but studies utilizing the Glycotech flow chamber, which showed a similar pattern of osteocyte membrane wounding, incorporated real-time imaging and were bubble free. Indeed, while we have observed that air bubbles can easily wound cells, those wounded cells rapidly delaminate from the slide and therefore should not have been present during postflow imaging (data not shown).
In vitro studies revealed that osteocyte membrane disruptions developed in a dose-dependent fashion with fluid shear stress, particularly at higher levels of loading. Previous studies suggest that bone cells need an initial "stress kick" to properly respond to mechanical loading, 42 and in line with this concept, PMD were most abundantly detected in osteocytes subjected to immediate physiological shear stress; ramping up to that level of loading decreased the number of PMD detected ( Fig. 1D and F) . If PMD are upstream of signaling for skeletal adaptation, this behavior could help explain why more bone is formed via high-impact, rapid loading (e.g., gymnastics) as compared to lowimpact, gradual loading (e.g., swimming). 43 In vivo, a low, chronic level of osteocyte membrane wounding occurred with normal cage activity as also occurs in muscle, 9 which could represent one way bone detects routine loading (i.e., the absence of disuse). Importantly, however, osteocyte PMD were significantly increased by treadmill exercise, indicating that osteocytes experience PMD in response to increased mechanical loading in vivo. These data suggest that PMD may be upstream of mechanotransduction signaling for skeletal adaptation to loading. Areas of peak strain or strain gradients often best correlate with sites of bone adaptation, 44 and therefore it would be of interest to know whether wounded osteocytes are located in areas of peak strain. We did not attempt to correlate PMD formation with peak bone strain in our treadmill loading studies, because while such analyses are straightforward with uniaxial loading models, more complex procedures like strain gauging or FEA modeling are required to ascertain areas of peak strain during gait, 45 which was beyond the scope of the current study. In future work, we will quantify PMD formation from uniaxial loading 44 and determine whether PMD are correlated with areas of peak strain in these models. We chose treadmill exercise as a loading model despite its limitations because it represents a physiological challenge to the skeleton (natural loading motion from gait, no anesthesia required), promotes bone formation, and has been established to cause membrane disruptions in myocytes. 9 We observed osteocyte wounding in both the hindlimbs and forelimbs. Most, but not all previous studies, 27 have detected adaptation of the humerus to treadmill exercise including increased bone mineral content, 46 bending strength, 47 and cortical bone thickness. 48 In conclusion, these studies are the first to show the potential role of plasma membrane disruptions as a mechanosensation mechanism in osteocytes. As PMD repair failure in skeletal muscle leads to myopathy, explaining loss of muscle strength in a variety of conditions including diabetes, 9, 49, 50 we anticipate that these results in bone may have direct physiological relevance for skeletal health; future studies will 660 YU ET AL. address whether failure of osteocyte PMD repair contributes to the development of osteodystrophy and osteoporosis (e.g., during aging), and will test therapeutic agents to modify PMD repair rates in bone to augment skeletal responses to loading.
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